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Abstract. We demonstrate how the Rashba spin-orbit coupling in semiconductor
heterostructures can produce and control a spin-polarized current without ferromag-
netic leads. Key idea is to use spin-double refraction of an electronic beam with a
nonzero incidence angle. A region where the spin-orbit coupling is present separates
the source and the drain without spin-orbit coupling. We show how the transmission
and the beam spin-polarization critically depend on the incidence angle. The trans-
mission halves when the incidence angle is greater than a limit angle and a significant
spin-polarization appears. Increasing the spin-orbit coupling one can obtain the mod-
ulation of the intensity and of the spin-polarization of the output electronic current
when the input current is unpolarized. Our analysis shows the possibility to realize a
spin-field-effect transistor based on the propagation of only one mode with the region
with spin-orbit coupling. Where the original Datta and Das device [Appl.Phys.Lett.
56, 665 (1990)] use the spin-precession that originates from the interference between
two modes with orthogonal spin.
PACS numbers: 72.25.Dc,73.23.Ad, 72.63.-b
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1. Introduction
One of the main goal of spintronics is the production and the control of spin-polarized
currents [1, 2]. The attempts to realize the spin-field-effect transistor (spin-FET)
proposed by Datta and Das [3], based on Rashba spin-orbit (SO) coupling [4], have been
unsuccessful because of the difficulty of spin-polarized injection from a ferromagnetic
metal into semiconductors [5]. Despite these obstacles several device setups based on
the Rashba spin-precession have been proposed [6, 7, 8, 9, 10]. Pala et al. [11] have
demonstrated the feasibility of Datta and Das transistor with an all-semiconductor
hybrid structure in which the charge carriers are the holes. A controlled source of
spin-polarized electrons based on a mesoscopic equivalent of an optical polarizing beam
splitter has been proposed [12] . Adiabatic pumping of spin in presence of a fluctuating
electric field, without ferromagnets, has been discussed [13]. Finally, Schliemann et
al. [14] have studied a spin-FET in which the electrons are subjected both to Rashba
and Dresselhaus SO interaction [15]. They shows that the balance of the interaction
strengths gives rise to a decoupling of the spin-state and the momentum direction that
allows a non-ballistic spin-FET.
In this paper we present the study of a hybrid system based on Rashba SO coupling
without ferromagnetic contacts. We show that electrons injected unpolarized from a
source are extracted with a partial spin polarization into a non-ferromagnetic drain.
The electron of a two-dimensional electron gas are injected at an out of normal incidence
angle and the spin-FET operates by means of the spin-double refraction that appears at
the interface between a region without SO coupling and a region where the SO coupling
is present [16]. The use of spin-double refraction to produce and control spin-polarized
current by means of the appearance of a limit angle for the refraction has been recently
proposed also by [17] in a system complementary to the our: spin-unpolarized electrons
from a Rashba source traverse a region with a lower SO coupling and are collected by a
drain with a stronger Rashba coupling. In our case the strength of the SO coupling in
the source and in the drain is zero. The source and the drain could be realized by using
n+-semiconductors. Our model uses an abrupt interface but a smooth Rashba field
should not change the effects of the spin-double refraction as the WKB approximation
of Ref. [17] shows. The novel feature of our setup is the transmission double step shown
in Fig. (2), that is accompanied by the appearance of a spin polarization. We stress
that a modulation of the output current can be obtained with a spin-unpolarized input
current, whereas in the original Datta and Das [3] proposal the current oscillation stems
out from the difference of phase accumulated along a path in the Rashba region by
the two spin propagating modes. In our system the current modulation and the spin
polarization appear when only one mode propagates through the Rashba barrier.
We take into account the phase averaging due to the thermal broadening that tends
to wash out the effect of the multiple scattering against the two interfaces. We show how
the resonances that appears when the electronic beam hits the interface with an angle
greater than the first limit angle, when only one mode traverse the barrier, remain when
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Figure 1. Schematic illustration of the proposed devices. The two-dimensional
electron gas is divided in three region. In central region a Rashba spin-orbit coupling
is present.
the temperature is increased. On the other hand the more rapid Fabry-Perot oscillation,
with rapid changes of the transmission, due to the propagation of both the modes at
low incidence angles are canceled. The thermal average preserves the halving of the
transmission strictly related to the appearance of the spin polarization, so that these
features do not follow from the multiple scattering against the two interfaces.
2. Scattering against a region with SO coupling
Let us consider a two-dimensional electron gas (2DEG) filling the plane (x, z). A stripe,
where is present the Rashba SO coupling, divides the plane in three regions as in the
Fig. (1). In the inner region R (0 < x < L) the Rashba SO coupling term is
HSO =
~k0
m
(~σ × ~p) · yˆ (1)
where k0 is the SO coupling constant, ~σ is the vector of Pauli matrices, ~p the momentum
and m the electron mass. The strength of the SO coupling can be tuned by external
gate voltages, as it has been experimentally demonstrated [18, 19, 20]. In the outer
regions NR (x < 0 and x > L) there is no SO coupling (k0 = 0).
Within the R zone there are two spin-split bands E± (k
′)
E± (k
′) =
~
2
2m
(
k′2 ± 2k0k
′
)
(2)
where k′ =
√
k′2x + k
′2
z is the wave vector. The SO interaction can be viewed as due to a
magnetic field parallel to the plane and orthogonal to the wave vector ~k′. This magnetic
field couples with the spin-magnetic moment and aligns the spin along the direction
orthogonal to ~k′ [21]. If ~k′ is directed along x then the signs + and − indicate the “spin
up” and “spin down” states in z direction.
The spin split bands may be shifted applying an offset gate voltage Voff with respect
to the source and drain bands ~2k2/2m. The energy bands (2) can be recasted in
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Figure 2. The transmission coefficients T↓ (γ) , T (γ) , T↑ (γ) as functions of the
incidence angle γ (in radians) at two values of the offset. The length L is 283
nanometers. The panel a) shows the 1/2 height resonances, where k0/k = 0.05 and
u1/k
2 = 0.05. The offset in the panel b) is 2k0/k with the largest and the flattest low
step as obtainable, here k0/k = 0.05, u1/k
2 = 0.1 and u/k = 0.
following form
E± (k
′) =
~
2
2m
(
k′2 ± 2k0k
′
)
+ eVoff =
~
2
2m
k2
k′ =
√
k2 − u1 + k
2
0 ∓ k0 = k± (3)
u1 =
2meVoff
~2
.
The electron motion within the hybrid NR–R–NR system is supposed as ballistic
and within the Landauer-Bu¨ttiker regime [22].
The single NR-R interface has a transmission coefficient dependent on the injection
angle γ and on the incident spin state |δ〉 = cos δ |↑〉+sin δ |↓〉 because the Rashba effect
gives rise to the double refraction at the interface with two orthogonal spin polarizations
that simultaneously propagate within the R zone only when γ 6= 0 [16] (out of the normal
incidence). We have already analyzed the case a single NR–R interface [16] and, in this
configuration, we have shown that the sum over all the injection angles reduces, but it
does not cancel, the spin-double refraction effect.
Our aim is to study the conductance of NR–R–NR system in term of the double
interface transmission coefficient T (δ, γ).
In the x < 0 region we have an incident and a reflected wave(
cos δ
sin δ
)
eik(x cos γ+z sinγ) +
(
r↑
r↓
)
eik(−x cos γ+z sinγ),
in the R region (0 < x < L) we have two propagating and two counterpropagating waves(
cosα/2
− sinα/2
)
t+e
ik+(x cosα+z sinα) +
(
sin β/2
cos β/2
)
t−e
ik
−
(x cos β+z sinβ)
(
sinα/2
− cosα/2
)
r+e
ik+(−x cosα+z sinα) +
(
cos β/2
sin β/2
)
r−e
ik
−
(−x cos β+z sinβ)
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and, finally, the transmitted wave for x > L is(
t↑
t↓
)
eik(x cos γ+z sinγ).
The kz parallel momentum conservation fixes the angular α and β directions of ~k
′
α = arcsin
k sin γ
k+
and β = arcsin
k sin γ
k−
.
The modes (+) and (−) have the limit angles γ0 and γ1 respectively
γ0 = arcsin
k+
k
and γ1 = arcsin
k−
k
, (4)
that is when γ exceeds γ0 or γ1 the corresponding mode becomes a decaying wave. The
spinors of the wave function ψ for 0 < x < L are independent on δ. On the contrary
the spinors of the reflected and the transmitted wave depend on δ. In the inner region
R the four amplitudes t+, t−, r+, r− vary with δ. The single NR-R interface is described
by the Hamiltonian
HNR-R = ~p
1
2m(x)
~p+
k0(x)m(x)
~2
(σzpx − σxpz)− iσz
1
2
∂k0(x)
∂x
+ uδ(x). (5)
We assume that the mass and the strength of SO coupling are piecewise constant
1
m
(x) =
ϑ(−x)
mNR
+
ϑ(x)
mR
(6)
k0(x) = k0 ϑ(x),
where ϑ(x) is the step function. To have a model as simple as possible, we assume that
the electron effective mass in the NR regionmNR and the electron effective mass in the R
mR region are equal. The third term in (5) is needed to get an hermitian operatorHNR-R.
The fourth term regulates the transparency of the interface and describes insulating
barriers separating the semiconductors. The matching conditions at x = 0 and L

ψ (0+)− ψ (0−) = 0
ψ (L+)− ψ (L−) = 0
∂xψ (0+)− ∂xψ (0−) = (u− ik0)ψ (0)
∂xψ (L+)− ∂xψ (L−) = (u+ ik0)ψ (L)
provide a linear system for the eight quantities r↑, r↓, t↑, t↓, t+, t−, r+, r−. The R region
behaves as a resonant cavity whose action can be reinforced by the couple of additional
Dirac-delta potentials. The strength u of those controls the interfaces transparency.
To avoid ferromagnetic leads we consider unpolarized electrons injected into the
NR–R–NR system. The unpolarized statistical mixture at x = 0
ρin =
1
2
|↑〉 〈↑|+
1
2
|↓〉 〈↓|
becomes the density matrix ρout at x = L
ρout =
1
2
T↑ |1〉 〈1|+
1
2
T↓ |2〉 〈2| (7)
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where T↑ = |t↑↑|
2+|t↓↑|
2 is the coefficient for incoming spin up state and T↓ = |t↑↓|
2+|t↓↓|
2
is that for the incoming spin down state [23]. The spinors in the operator (7) are
|1〉 =
1√
T↑
(
t↑↑
t↓↑
)
and |2〉 =
1√
T↓
(
t↑↓
t↓↓
)
(8)
corresponding to input spin up and down respectively. The transmission coefficient of
the unpolarized electrons is
T = (T↑ + T↓) /2.
We note that ρout can be represented in terms of the output polarization ~P as
ρout (γ) =
1
2
(
1+ ~P (γ) · ~σ
)
(9)
where ~P is the average of ~σ:
~P =< ~σ >= Tr [ρout~σ] .
The modulus of ~P gives the degree of polarization in the output. A simple calculation
shows that the modulus of the polarization P↑ of the spinor
√
T↑ |1〉 is P↑ ≡ T↑, whereas
the modulus of the polarization P↓ of
√
T↓ |2〉 is P↓ ≡ T↓. Finally, when the input state
is unpolarized the output state is partially polarized. In particular, for γ > γ0 we get∣∣∣~Pout∣∣∣ = 1
2
(T↑ + T↓) = T for γ > γ0 (10)
since |〈1|2〉| goes very quickly to 1. On the contrary when the incidence angle γ is lower
than γ0,
∣∣∣ ~Pout∣∣∣ < T and the polarization vanishes when γ goes to zero.
Finally for γ > γ0 some resonances appear (see Fig. 2) for which
R↑ = T↓
R↓ = T↑,
where R↑ and R↓ are the reflection coefficients with an incident spin up or down. For
the unpolarized statistical mixture the flux conservation implies that at the resonances
T =
1
2
(T↑ + T↓) = R =
1
2
(R↑ +R↓) =
1
2
.
The calculated transmission coefficients for unpolarized (T (γ)) and polarized
(T↓ (γ) , T↑ (γ)) injected electrons are shown in Fig. (2) with realistic parameters
[18, 19, 20]. For the inverted In0.53Ga0.47As/In0.52Al0,48As heterostructure the value of
the Fermi wave vector is k = 3.53×106cm−1, the effective mass is m = 0.05 me, whereas
the strength of the SO k0 ranges from 0.01 k to 0.05 k. The main feature of T↓, T, T↑ is
the double step that originates from the spin-double refraction. When γ goes over γ0
only the wave (–) can reach the second interface and the transmission coefficients tend
to halve themself. The panel a) of the Fig. (2) shows that, when γ > γ0, the resonances
of the unpolarized transmission T have height 1/2. At the offset u1/k
2 = 2k0/k a
limit angle γ1 appears also for the the wave (–). Increasing the offset at higher values
both the limit angles γ0 and γ1 tend to zero. At the offset 2k0k the second step of the
transmission becomes almost perfectly squared as the panel b) of the Fig. (2) shows.
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Figure 3. Panel a): The transmission coefficient for unpolarized electrons as function
of the injection angle. The solid line is for u1/k
2 = 0.1, u/k = 0.4 and k0/k = 0.05,
the dashed line is for u1/k
2 = 0, u/k = 0.4 and k0/k = 0 and finally the dotted-dashed
line is for u1/k
2 = 0.1, u/k = 0.4 and k0/k = 0.05.
Panel b): The transmission coefficient for unpolarized electrons as function of the
injection angle. The solid line is for u1/k
2 = 0.05, u/k = 0.0 and k0/k = 0.05 and the
dotted-dashed line is for u1/k
2 = 0.05, u/k = 0.4 and k0/k = 0.05.
At this optimum value, we have k− ≡ k and β ≡ γ: the mode (–) is no more refracted.
With u = 0 and γ greater than γ0 the resonances within the cavity disappear.
Since the output spin polarization of the electrons entering with spin up or down
coincides at any angle γ with T↑ or T↓ then the crossing of R zone depolarizes the
electrons. The polarization Pout of the electrons entering unpolarized is equal to T only
for γ > γ0, and for γ < γ0 it tends to zero for γ → 0: the crossing of R zone gives rise
to a spin polarization that is absent at normal incidence. At the optimum value of the
offset u1 = 2kk0 and for γ > γ0, Pout is independent of the incidence angle. We note
that this feature is robust with respect to few elastic scattering events that conserve k
but change its direction. This behavior reminds the non-ballistic spin-FET proposed by
Schliemann et al. [14].
Is is interesting to do an analysis on the proper modes of the Rashba region. In
Fig. (3) is shown the transmission as function of the injection angle for γ > γ0 and several
values of the parameters. In the Panel a) of Fig. (3) the dashed curve corresponds to the
proper mode of the cavity without SO coupling (u1/k
2 = 0, u/k = 0.4 and k0/k = 0). If
we now turn on the SO coupling and choose the offset to the optimum value u1 = 2k0k
(solid curve – u1/k
2 = 0, u/k = 0.4 and k0/k = 0.05) we observe the halving of the
transmission maxima but those preserve the proper modes of the cavity. The proper
modes of the cavity are washed out for a perfectly transparent the cavity at the optimum
offset (dotted-dashed curve – u1/k
2 = 0.1, u/k = 0 and k0/k = 0.05). In the last case
the flatness of the transmission coefficient (and of polarization vector) is independent
by effects related to multiple reflections inside the cavity. In the Panel b) of Fig. (3)
are reported similar results with the offset to a value lower than the optimum one
demonstrating how a perfectly transparent barrier (u = 0) has proper modes due only
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Figure 4. The transmission coefficient for unpolarized electrons when γ = 1.25. The
threshold k0 is 0.025k. The dotted curve gives the output spin polarization, L = 283
nanometers and we have put u/k = 0.4 to enhance the resonances in the low step of
the transmission.
to SO coupling and how this modes modifies when u increases.
We stress that the dependence of the limit angle γ0 on the SO strength k0 suggests
the possibility to build up a spin-FET operating on spin unpolarized electrons injected
in the R region. The electrons emerge in the NR drain region partially polarized with
a polarization controlled by a gate electrode via the SO interaction. There is a SO
strength k0 at which γ = γ0. The Fig. (4) shows that the transmission coefficient
exhibits irregular Fabry-Perot oscillations below k0, whereas for k0 > k0 the oscillations
become regular with maxima equal to 1/2. The threshold k0 is determined by the offset
u1/k
2 = 2k0/k,
for which γ0 goes over γ and the wave (+) propagation ceases. When k0 > k0 the
polarization of electrons in the NR drain Pout is equal to T as we have seen before. We
get a source of a spin polarized current controlling k0 with a gate.
We notice that Mireles and Kirczenow [24] have studied the scattering against a
finite Rashba region within a quantum wire. They show that, injecting spin up electron,
the ballistic spin conductance oscillates varying the SO coupling strength and they claim
that these results may be of relevance for the implementation of quasi-one dimensional
spin transistor device. We have shown that a ballistic conductance oscillation with k0
appear also without lateral confinement and without ferromagnetic source and drain,
that is by handling spin unpolarized electrons.
Another issue that deserves some attention is the inclusion of the linear term due
to Dresselhaus spin-orbit coupling [15]. There is a recent experimental evidence [25]
that the Dresselhaus coupling in some heterostructures can be of the same order of
the Rashba coupling, up to one half of Rashba strength. Some preliminary results for
a single interface with a Rashba zone indicate that, even in the less favourable case
of normal incidence, the addition of Dresselhaus term everywhere in the 2DEG plane
gives different transmissions for the two orthogonal incident spin states. In our opinion
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Figure 5. Panel a): Thermal-averaged transmission coefficient for unpolarized
electrons as function of the injection angle. The curves are relatives to u1/k
2 = 0.05,
u/k = 0 and k0/k = 0.05. The thermal average corresponds to a temperature of 5 K.
Panel b): As in the Panel a) but with u1/k
2 = 0.1, u/k = 0 and k0/k = 0.05. The
thermal average corresponds to a temperature of 5 K.
Panel c): Transmission coefficient at 0 K for unpolarized electrons as function of the
injection angle with u1/k
2 = 0.2, u/k = 0 and k0/k = 0.05.
Panel d): Thermal-averaged transmission coefficient for unpolarized electrons as
function of the injection angle. The curve is relative to u1/k
2 = 0.2, u/k = 0 and
k0/k = 0.05. The thermal average corresponds to a temperature of 5 K.
the further inclusion of the Dresselhaus spin-orbit coupling should even enhance the
polarization effects that we have found with the only Rashba term.
3. Phase averaging due to the thermal broadening
Now we want to take into account the smoothing effect of the Fermi surface due to
finite temperatures. Supposing that we are in the linear response regime we have for
the current I
I = G (EF)
µ1 − µ2
e
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Figure 6. Thermal-averaged polarization as function of the injection angle. The solid
curve is the module of the polarization vector, the dashed-dotted line corresponds to
< σx >, the dashed line corresponds to < σy > and the dotted line corresponds to
< σz >. The curves are evaluated for u1/k
2 = 0.1, u/k = 0 and k0/k = 0.05. The
thermal average corresponds to a temperature of 5 K.
µ1 − µ2 being the applied bias and G (EF) the conductance (µ1 − µ2 << EF). For a
ballistic conductor [26]
G (EF) =
2e2
h
∫
T (E)FT (E −EF) dE
where FT (E −EF) is the thermal broadening function
FT (E −EF) = −
d
dE
1
exp[(E − EF) /kBT ] + 1
=
1
4kBT
sech2
(
E
2kBT
)
T being the temperature. The thermal average of the transmission is
〈T 〉th =
∫
T (E)FT (E − EF) dE.
If we approximate the Fermi-Dirac distribution with the ramp

1 E < EF − 2kBT
1
2
− (E − EF) /4kBT EF − 2kBT < E < EF + 2kBT
0 E > EF + 2kBT
we get
〈T 〉th =
1
2∆k
∫ kF+∆k
kF−∆k
T (k) dk (11)
where we assume that
∆k =
kBT
EF
kF << kF.
With a Fermi energy EF = 14 meV, and T = 3 K we have ∆k/kF = 0.018 and in the
following we choose ∆k/kF = 0.03 corresponding to a temperature of 5 K. We start
by considering the thermal average of the transmissions. In the Fig. (5) we show the
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Figure 7. The thermal-averaged transmission coefficient for unpolarized electrons
when γ = 1.25 as function of the spin-orbit coupling. The threshold k0 is 0.025k.
Panel a): The solid curve corresponds to zero temperature, the dashed line to a
temperature of 3 K, the dotted line to a temperature of 5 K and the dashed-dotted to
a temperature of 8 K.
Panel b): The thermal-averaged transmission coefficient for unpolarized electrons when
γ = 1.25 as function of the spin-orbit coupling at 5 K (solid line) and 8 K (dotted line),
with perfectly transparent interfaces (u = 0).
averaged transmission for various value of the offset. In the Panel a) of Fig. (5) the
offset is u1/k
2 = 0.05 is and few resonances appear when γ is larger than γ0; increasing
the temperature up to 5 K the rapid oscillations of the transmission below γ0 are almost
completely canceled whereas the resonances of the (–) mode are still well defined in the
averaged transmission. In the Panel b) of Fig. (5) the offset is chosen at the optimum
value u1/k
2 = 2k0/k = 0.1. We observe again an almost perfectly squared transmission
step among γ0 and π/2 , whereas below γ0 the rapid Fabry-Perot oscillations are washed
out. The transmission steps for a larger offset u1/k
2 = 0.2 at 0 K and at 5 K are
compared in the Panel c) and d) of Fig. (5). In this case the transmission oscillations
are canceled at any incidence angle but the double step structure survives.
The thermal averaging has been performed also on the polarization vector and the
Fig. (6) shows the average calculated with Eq. (11) of the modulus of the polarization
vector and of its three components. The offset is at the optimum value and the output
spin-polarization tends to be nearly orthogonal to the interfaces as one expect because
~k− has a small component in x direction and the spin and the momentum are orthogonal
each other.
The Fig. (7) shows the thermal average of the transmission of unpolarized electrons
as a function of the SO strength with the same parameter of the Fig. (4) where the
transmission has been calculated at 0 K. Therefore we judge that an increase of few
Kelvin degrees does not cancel the modulation effect.
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4. Conclusions
We have shown that the spin-double refraction in NR–R–NR system allows both
the current modulation and the polarization of spin-unpolarized injected electrons.
Furthermore the existence of limit angles for the propagation within the structure
involves the halving of the transmission and this could searched for a sign of the double
refraction phenomenon. About the feasibility of the studied hybrid system we stress
that our calculations use realistic parameter values for the Rashba SO coupling [18].
We think that the physics of spin-double refraction and its use to produce and control
spin-polarized currents should be within the present experimental investigations. We
propose that the injection of an electron beam with an incidence angle on a Rashba
barrier greater than the limit angle gives an output current modulated by the SO
strength. Our proposal is different from the original one of Datta and Das [3] in which
the current modulation stems out from the interference of both the modes (+) and (–),
that is from the precession within the Rashba region. Instead we propose to use the
spin rotation that appears when an electron beam goes through the interfaces with a
incident angle γ out of the normal. Such angle could be realized by using an adiabatic
quantum point contact as source in which the constriction axis forms the angle γ with
the NR-R interface.
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Appendix A. Output spin polarization evaluation
In this appendix we give the proof of the relation (10). In the general case, when we
work with density matrix operator
ρ =
∑
m
|m〉pm〈m|,
the average value of the observable A is the trace of ρA:
〈A〉 = Tr [ρA] ,
that in terms of the density matrix elements is equal to
Tr [ρA] =
∑
m
pm(|m〉〈m|A) =
∑
m
pm〈m|A|m〉.
In present case the density matrix operator has been defined in the Eq. 7 with the
components (8). The averaged value of the modulus of the polarization is defined by∣∣∣~Pout∣∣∣ =√〈σx〉2 + 〈σy〉2 + 〈σz〉2. (A.1)
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Using the density matrix operator (7) we have that
〈σx〉 =
1
2
(
t∗↑↑t↓↑ + t
∗
↓↑t↑↑ + t
∗
↑↓t↓↓ + t
∗
↓↓t↑↓
)
〈σy〉 = −
i
2
(
t∗↑↑t↓↑ − t
∗
↓↑t↑↑ + t
∗
↑↓t↓↓ − t
∗
↓↓t↑↓
)
〈σz〉 =
1
2
(
|t↑↑|
2 − |t↓↑|
2 + |t↑↓|
2 − |t↓↓|
2) .
(A.2)
Substituting the relations (A.2) into (A.1) we have that:∣∣∣ ~Pout∣∣∣2 = 14 [|t↑↑|4 + |t↓↑|4 + |t↑↓|4 + |t↓↓|4 + 2 (|t↑↑|2 |t↓↑|2 + |t↑↑|2 |t↑↓|2
− |t↑↓|
2 |t↓↑|
2 + |t↓↓|
2 |t↓↑|
2 + |t↓↓|
2 |t↑↓|
2 − |t↓↓|
2 |t↑↑|
2
+2t↓↓t↑↑t
∗
↓↑t
∗
↑↓ + 2t
∗
↓↓t
∗
↑↑t↓↑t↑↓
)] (A.3)
When the injection angle γ approaches to zero, we have that the system does not flip
the spin, that is t↑↓ = t↓↑ = 0 so that∣∣∣~Pout∣∣∣ = 1
2
∣∣|t↑↑|2 − |t↓↓|2∣∣ , (A.4)
that is in the case of injection of unpolarized electrons the output polarization is zero.
We note that in the R zone the spin state of the (+) and (−) modes given by the
spinors |1〉 and |2〉 are conserved [16]. The output spin state is strictly determined by
the transmitted amplitudes of the interfaces. The interference between the mode (+)
and (−) when both are present (γ < γ0), makes the polarization different from the
transmission as the Eq. (A.4) shows. When γ > γ0 only the (−) mode survives in the
R zone. This is demonstrated by the fact that the inner product between the state |1〉
and |2〉 goes to one
|〈1|2〉| = 1 for γ > γ0,
this means that the two wave functions, for γ > γ0, differ by a phase factor
|1〉 = e−iφ |2〉 →
1√
T↑
(
t↑↑
t↓↑
)
= e−iφ
1√
T↓
(
t↑↓
t↓↓
)
. (A.5)
Using the previous relation we can express t↑↓ and t↓↑ as function of t↑↑ and t↓↓:
t↓↑ = e
iφ
√
T↓
T↑
t↑↑ and t↑↓ = e
−iφ
√
T↑
T↓
t↓↓. (A.6)
Substituting those expressions in the (A.3) we have∣∣∣~Pout∣∣∣ = 1
2
[
|t↑↑|
2 + |t↓↓|
2 +
T 2↑
T 2↓
|t↓↓|
2 +
T 2↓
T 2↑
|t↑↑|
2
]
(A.7)
and using the relations (A.6) this is equivalent to∣∣∣~Pout∣∣∣ = 1
2
[
|t↑↑|
2 + |t↓↓|
2 + |t↑↓|
2 + |t↓↑|
2] = T↑ + T↓
2
= T. (A.8)
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